ABSTRACT
INTRODUCTION
The amount of virus in the peripheral blood of a human immunodeficiency virus Type 1 (HIV-1)-infected individual is a strong predictor of HIV-1-associated illness and progression to acquired immunodeficiency syndrome (AIDS) (4, 10, 11, 15, 16) . Accurate quantification of the viral load in peripheral blood has therefore been used extensively in the clinical management of HIV-1-infected persons and for the study of HIV-1-associated pathogenesis and transmission (6, 8) . However, there is a growing interest in quantifying HIV-1 RNA and proviral DNA in tissues and body fluids other than peripheral blood (1, 13, 20, 21, 30) . Commercially available HIV-1 viral load assays that use signal amplification (29) or the polymerase chain reaction (PCR) (17, 18) were developed and are recommended for quantifying viral RNA exclusively from plasma. Here we report the development of a quantitative competitive (QC)-PCR (22) (23) (24) and a microplate detection system that uses digoxigenin (Dig)-labeled probes and an anti-Dig antibody conjugated to a bioluminescent protein (aequorin; References 5, 9 and 25-28) or peroxidase that is easy, relatively inexpensive and quantifiable to 100 copies of HIV-1 DNA or RNA per extracted sample.
MATERIALS AND METHODS

HIV-1 Internal Standard Plasmid Construction and RNA Synthesis
The plasmids pQP1-p (wild-type positive control) and pQP1 δ 80-p (original internal standard) Bluescript ® KS plasmids (Stratagene, La Jolla, CA, USA), from M. Piatak (Genelabs Technologies, Redwood City, CA, USA), contain a 1420-bp Sac I/ Bgl II fragment from the gaggene of HIV-I HXB2c. The pQP1 δ 80 contains an 80-bp deletion of the Sac I/ Bgl II fragment. We constructed a new internal standard from pQP1 δ 80 by inserting a nonhomologous 31-bp fragment from pBR327 into the Sph I site in gag . This new construct was designated pQP1 δ 50 DNA ( δ 50D; Figure 1A ).
The internal standard δ 50D and the positive-control plasmid pQP1 were prepared by linearization of the plasmid with Eco RI, proteinase K digestion, phenol extraction and precipitation. On reconstitution in distilled dH 2 O, δ 50D and pQP1 concentrations were determined by optical density (OD), the copy numbers were determined and single-use aliquots were stored at -70°C. HIV-1 RNA internal -standard ( δ 50R; Figure 1A ) and positive-control (QP1R) templates were transcribed in vitro from the T7 promoter of Eco RIlinearized plasmid DNA with an RNA Transcription Kit (Stratagene) using 1 µ g of DNA template in a 50-µ L reaction mixture. After DNase (Boehringer Mannheim, Indianapolis, IN, USA) treatment at 37°C for 15 min, RNA templates were purified by using RNAzol ™ B (Tel-Test, Friendswood, TX, USA) as per the manufacturer's protocol, and copy numbers were determined from optical density readings. Aliquots of the RNA templates were run on a formaldehyde gel to ensure the transcripts were of full length. Systems, Minneapolis, MN, USA) as per the manufacturer's protocol. To isolate genomic viral RNA, cell-free HIV-1 was pelleted (100 000 ×g ) for 1 h at 4°C, from 1-mL aliquots of human plasma and vaginal phosphate-buffered saline (PBS) lavage that had been cleared of cells by centrifugation at 400 × gfor 15 min at room temperature. RNA from the pelleted virus was isolated by using a fast guanidinium isothiocyanate procedure described by Mulder et al. (17) .
Primers GAG04 (CATICTATTTGT -TCITGAAGGGTACTAG-3 ′ ) and GA-G06 (GTACCCATAAITGAAGICCC -GAITTICG-5 ′ ) designed by Piatak et al. (22) , incorporate inosines at those positions known for sequence divergence (3, 19) . The antisense primer was biotinylated (GAG04-B). The GAG-06/GAG04-B primer pair yields products of 260 bp from QP1 or wild-type HIV-1 and yields 211 bp from the internal standard δ 50. Reverse transcription (RT)-PCR was carried out as previously described (22) (22), except that the annealing temperature was set at 55°C. DNA QC-PCR was carried out in the same manner as the RNA QC-PCR minus the RT step, and each set of four PCRs contained the DNA internal standard δ 50D. Cycling conditions were as previously reported (22) . PCR products were analyzed visually by electrophoresis on a 3% agarose gel and ethidium bromide staining, and by the microplate assay protocol described below.
Quantification of QC-PCR Products in a Microplate Format
For quantification in the microplate format, 5 µ L of the QC-PCRs were added to duplicate wells of a streptavidin-coated white microplate (Boehringer Mannheim) containing 195 µ L of hybridization buffer (1 × standard saline citrate[ SSC], 20 mM HEPES, pH 7.0, 2 mM EGTA, 0.1% Tween ® 20), and the plate was incubated for 30 min at 37°C. The microplate wells were rinsed 6 times with 300 µ L of wash buffer (0.01M PBS, pH 7.2, 0.05% Tween 20, 2 mM EGTA) before the streptavidinbound, biotinylated PCR products were denatured (250 µ L; 0.4NNaOH, 0.6 M NaCl) for 15 min at room temperature and then rinsed as before. A Dig-labeled oligonucleotide probe (GGA-CATCAAGCAGCCATGCAAATGT; 40 ng/well) for detection of wild-type HIV-1 products was added to one set of wells in 200 µ L of hybridization buffer, and a δ 50-specific Dig-oligonucleotide probe (TGTTGGGCGCCATCTCCTT -GC; 40 ng/well) was added to the duplicate wells for 1 h at 37°C and rinsed as before ( Figure 1B ).
BioTechniques 811 By substituting an anti-Dig peroxidase-conjugated antibody for the antiDig aequorin conjugate, the microplate quantification reactions were performed with a colorimetric assay. The protocol for binding the biotinylated products to the streptavidin-coated wells, denaturation of the products and probe hybridization is identical to the luminometry protocol described above. After the probe hybridization wash, an anti-Dig peroxidase conjugate (DIG Detection ELISA (TMB) Kit; Boehringer Mannheim) is added at a 1:5000 dilution in 200 µ L per well of a blocking solution (PBS with 1% bovine serum albumin). The plate is incubated at 37°C for 1 h, washed, and 200 µ L of the tetramethylbenzidine substrate, per the manufacturer's protocol, are added to each well. The microplate is incubated in the dark at room temperature for 10 min, and the reaction is stopped by the addition of 100 µ L of 1 M sulfuric acid per well. The OD of the wells are read in a standard microplate reader at 450 nm with a reference wavelength of 690 nm.
The relative light units (RLU) or OD generated from wild-type and δ 50 -probed samples were used to calculate HIV-1 copy number by using the known copy numbers of the δ 50 internal standards. Calculation of input wild-type copies followed the method originally described by Piatak et al. (22) . Briefly, the log 10 of each of the four internal standard δ 50 copy numbers (10 1 , 10 2 , 10 3 and 10 4 ) was plotted vs. the corresponding log 10 ( δ 50 RLU or OD/wild-type RLU or OD) for the four PCRs. Linear regression analysis of these four data points generated the 812BioTechniques Diagnostic Techniques Figure 2 . Quantification of HIV-1 RNA using the RT QC-PCR/microplate detection system. Input -QP1R at 100 copies (A), 1000 copies (B) and 10 000 copies (C) was spiked into triplicate RT QCPCRs containing 5, 50, 500 and 5000 (and 50 000 in Panel C) copies of δ 50R internal standard. QP1 and δ 50 products detected by the aequorin luminometry system were expressed as RLU. The three diagonal lines in each graph represent the linear regression curves used for the calculation of predicted copies of QP1R as described in Materials and Methods. Pearson's correlation coefficient (R) was determined for each set of data points. equation (y = mx + b); calculating the y value at 0 [log 10 ( δ 50 RLU or OD/wildtype RLU or OD) = 0] yielded the equivalence point of the wild-type and δ 50 products.
RESULTS
Preliminary experiments to develop a microplate-based detection assay, using the original internal standard (QP1 δ 80) were unsuccessful due to cross-reactivity between wild-type products and the δ 80 probe. Creation of the new δ 50 internal standard, which contains a probe hybridization site that is nonhomologous to HIV-1, and optimization of the probe hybridization conditions resulted in a more accurate QC-PCR/microplate detection system. Initial testing of samples in triplicate showed a greater difference between input copies and QC-PCR-predicted copies of HIV-1 RNA in the lower range of the assay. Intra-assay variation between QC-PCR-determined copy number and input HIV-1 RNA copy number was 1.7-fold to 4.0-fold at 100 input copies, 1.0-fold to 1.3-fold at 1000 input copies and 1.1-fold to 1.7-fold at 10 000 input copies (Figure 2) .
Accurate quantification of QC-PCRs in the microplate format was also accomplished using a colorimetric, peroxidase-based detection method. An RT QC-PCR experiment was performed using 1500 input copies of QP1R. The PCR products were separated by gel electrophoresis on a 3% agarose gel, visualized by ethidium bromide staining ( Figure 3A ) and quantified by both the aequorin and peroxidase detection systems ( Figure 3B) . Visually, the ethidium bromide-stained gel indicates the equivalence point of the QP1R and δ 50R products to be between 1000 and 10 000 input copies. Although the slopes of the lines generated by linear regression of the data points were noticeably different between the two detection methods, the copy number determined by the peroxidase-based assay and that which was determined by the aequorin-based assay (1600 copies) were both nearly equal to the predicted copy number of 1500.
To evaluate the performance of the QC-PCR/microplate quantification procedure on clinical samples, HIV-1 RNA viral loads were determined for 1-mL plasma aliquots from five HIV-1 seropositive persons (Table 1 ). Viral load values on these plasma samples were also obtained by the branched DNA (bDNA) signal amplification technique (29) ( Table 1 ). The viral load values obtained with the QC-PCR technique ranged from 660 000 to 700 copies/mL of plasma; bDNA values on these same plasma samples ranged from 501 890 to <10 000 copies/mL. In three of the five plasma samples, the viral load values determined by QC-PCR were within twofold of the values obtained by bDNA. The remaining two plasma samples had viral loads that were below the limit of quantification by bDNA (<10 000 copies/mL), which corresponded to the QC-PCR determination of 700 and 3000 copies/mL. These results indicate that this QC-PCR technique is capable of quantifying HIV-1 virus from plasma at values comparable to those obtained from an HIV-1 viral load assay that has been shown to be reproducibly accurate (29) and that correlates well with the QC-PCR assay (2) .
This QC-PCR technique was also capable of quantifying proviral DNA and viral RNA in extravascular fluids. Aliquots (200 µ L) of HIV-1-containing plasma (Table 1 , No. 2) were spiked into 800 µ L of a mixed PBS vaginal lavage, and virus was quantified using bDNA and QC-PCR methods for quantification of plasma virus. The predicted bDNA and QC-PCR values of 102 000 and 130 000 copies/1 mL of vaginal lavage, respectively, were accurately quantified from vaginal lavage (100 000 and 130 000 copies/mL, respectively). To test proviral DNA quantification from HIV-1-infected cells in vaginal lavage, 8E5 cells that contained one integrated copy of HIV-1 proviral DNA per cell (7) were spiked in an aliquot of mixed vaginal lavage (1 mL), and total DNA was isolated for the QC-PCR/microplate detection assay. From the 20 000 8E5 cell equivalents estimated to be in the PCRs, the DNA QC-PCR assay determined 20 000 copies of proviral HIV-1 DNA (Figure 4) . These data suggest that in normal vaginal lavage, there do not appear to be inhibitors of HIV-1 proviral or viral load quantification by our QC-PCR methods. However, a comparative study of viral load assays that use vaginal lavage from HIV-1-infected women is needed to examine the potential of this, or any other, viral load assay for accurately measuring HIV-1 in the female genital tract.
DISCUSSION
The QC-PCR/microplate detection assay described in this report was developed to be a viral quantification assay that could be adapted to accommodate both tissue and fluid specimens using instrumentation available in most laboratories capable of performing PCR. Although HIV-1 QC-PCR methodology is not commercially available, it is highly adaptable. Depending on the nucleic acid extraction technique and whether the RT step is included, QC-PCR can quantify proviral DNA, cellular RNA or viral RNA. For RNA extractions from cell-free virions, we have successfully used the procedure of Mulder et al. (17) , without pelleting virus from plasma or spiked vaginal lavage, to accurately determine HIV-1 viral loads.
The use of either luminescent-or peroxidase-based quantification in the QC-PCR microplate format allows for differences in the availability of equipment in individual laboratories. Although HIV-1 quantification was very similar using the luminescent-and peroxidase-based assays in the tested range, further refinement of the peroxidase-based procedure would be neces814BioTechniques Diagnostic Techniques QP1 RNA (1500 copies) was spiked into four QC-PCRs containing 10, 100, 1000 and 10 000 copies of δ 50R RNA internal standard. After RT QC-PCR, the four reactions were analyzed on a 3% agarose gel stained with ethidium bromide (A), and by the aequorin-and peroxidase-based microplate detection assays (B). (A) Lane 1, 1-kb ladder size standards; lanes 2-5 each had 1500 copies of QP1 RNA, plus δ 50R at 10 copies (lane 2), 100 copies (lane 3), 1000 copies (lane 4), 10 000 copies (lane 5) and 0 copies of QP1R and δ 50R (lane 6; negative control). The QP1R and δ 50R PCR products migrated at 260 and 210 bp, respectively. (B) The same PCR products used for Panel A were quantified with the peroxidase-and aequorin-based microplate detection assay. QP1R input was calculated at 1600 copies by both the aequorin-and peroxidase-based assays.
sary to increase the range of values over which this assay would be useful. An increase in the range of OD values produced by the peroxidase enzyme detection of the δ 50 internal standard would result in a linear regression curve with a greater slope, extending the usefulness of this assay in the upper and lower ranges.
A reliable microplate format for quantification of HIV-1 QC-PCR products was previously reported that uses aminated PCR products that are captured onto a carboxylated surface (12) . In this procedure, free primers must be removed and the sample diluted before the aminated PCR products are attached to the carboxylated microplate wells. In our QC-PCR procedure, the biotinylated PCR products are transferred directly from a 96-well PCR plate to a streptavidin-coated, 96-well plate. Because all PCR reagents and internal standards are added to the 96-well PCR plate with a multichannel pipetor, the efficiency of the QC-PCR setup is greatly increased. To avoid contamination of adjacent wells, the tubes in the row receiving the sample were uncapped, and tubes in all other rows were loosely capped. When this procedure and standard precautions for PCR were used, adjacent well-to-well contamination was not a recurring problem. We have also found that the deoxy UTP/UDP glycosylase method (14) to inactivate possible contamination by post-PCR products can be used in our system without affecting quantification results.
The initial test of our QC-PCR system that used human plasma from five HIV-1-seropositive persons indicated that the QC-PCR and bDNA signal amplification techniques gave very similar results over a wide range of viral loads from less than 10 000 copies to approximately 500 000 copies of HIV-1 RNA. The less than twofold difference between QC-PCR and bDNA in three samples that were quantifiable by bDNA and the quantification of lowlevel viral loads in the two samples by QC-PCR that were below the limit of quantification by bDNA, strongly suggest that our QC-PCR accurately measured HIV-1 RNA. A larger comparison study of plasma viral load will be necessary to determine how results from the QC-PCR/microplate quantification system compare to those derived from commercially available viral load assays that can detect low levels of HIV-1 RNA. However, this initial report on the development of the QC-PCR/microplate detection assay shows 000) were added to 1 mL of a vaginal lavage mixture that was a combination of equal volumes of PBS vaginal lavages from three HIV-1-infected women. The cells were pelleted, and DNA was extracted as described. One-tenth of the DNA extract was used for each of four QC-PCRs containing 10, 100, 1000 and 10 000 copies of the δ 50D internal standard. The diagonal line represents the linear regression curve used for the calculation of predicted proviral DNA copies as described in Materials and Methods. Pearson's correlation coefficient (R) was determined for the four data points generated by the QC-PCR determination of input proviral DNA.
that HIV-1 virus in plasma and vaginal lavage, and HIV-1 proviral DNA can be efficiently and accurately quantified in a 96-well format with instrumentation available in most laboratories that perform PCR. It is anticipated that the modifications reported here of the original QC-PCR nucleic acid extraction procedures, internal standard and detection technique will provide an HIV-1 quantification method that is highly adaptable for use in both plasma and extravascular fluids and cells.
ACKNOWLEDGMENTS
We would like to thank Dr. Renu Lal, Centers for Disease Control and Prevention, for providing HIV-1-seropositive plasma samples; Dr. Thomas C. Wright, Columbia University Medical Center, for providing the vaginal lavages; Dr. Tedd Ellerbrock, Centers for Disease Control and Prevention, and Dr. Jeffery Lennox, Emory University School of Medicine, for their assistance in acquiring the vaginal lavages.
